JPL PUBLICATION 82-44, VOLUME III 



Planetary Geometry Han 

Mars Positional Data, 1990-2020 


Andrey B. Sergeyavsky 
Gerald C. Snyder 
Barbara L. Paulson 
Ross. A. Cunniff 



Octob*^r 1, 1983 


IWNSA 

)| Nationa' Aeronautics and 

-l Space Administration 

f Jet Propulsion Laboratory 

California Institute of Technology 
Pasadena, California 



0 




The research described in this publication was carried out by the Jet Propulsion 
Laboratory, California Institute of Technology, under contract with the National 
Aeronautics and Space Administration, 



Abstract 


This document contains graphical data necessary for the analysis of planetary explora- 
tion missions to Mars. Positional and geometric information spanning the time period 
from 1990 through 2020 is presented; the text explains the data and its usage. This 
volume is one in a planned series covering planetary mission targets. 



Preface 


This publication is one in a series of volumes devoted to planet'\ry positional and 
geometric data. The present Volume III provides information describing the planet Mars. 
Other volumes to be published in 1983 are II, IV, and V, describing Venus, Jupiter, and 
Saturn geometric data, respectively. The presentations of planetary positional and geo- 
metric data for Mercury (Volume I), Uranus (Volume VI), Neptune (Volume Vll), and 
the Pluto/Charon System (Volume Vlll) will be published later. 
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I. Introduction 

The purpose of this series of planetary geometry hand- 
books is to provide mission and science planners, as well as 
trajectory designers, with graphical information sufficient 
for preliminary mission design and evaluation. It is intended 
to be used in conjunction with the appropriate volumes and 
parts of the Mission Design Handbooks, Ref. 1, which describe 
trajectory aspects of the particular missions. 

In most respects, this planetary geometry series represents 
a continuation of the second parts of each of the three vol- 
umes of Ref. 2. It extends their coverage by commencing in 
1985 and continuing to the year 2020. This time span was 
chosen to provide sufficient mission duration flexibility for 
all Earth departures through 2005, as presented in Ref. 1 . 


The series will consist of eight volumes, each describing 
a planet as follows: 


Volume 

Target planet 

I 

Mercury 

11 

Venus 

111 

Mars 

IV 

Jupiter 

V 

Saturn 

VI 

Uranus 

VII 

Neptune 

VIII 

Pluto/Charon System 


The present Volume III is devoted to data on the positions 
of the planet Mars. It presents information characterizing 
the geocentric and heliocentric positional geometry of a space- 
craft while it is in the vicinity of the subject planetary body. 
The spacecraft could encompass a lander, an entry probe, or 
a flyby vehicle at encounter. Such wide usage of the data is 
possible because planetary positions change but slowly, while 
the distances to Earth or Sun are always large compared to 
those between the spacecraft and the target planet during the 
encounter. 

II. Description of the Data 

A. Qamrai Commants 

All plots for this handbook series were computer generated, 
to reduce production cost. A program originally dev eloped for 
Mariner 10 (MVM) and later used to produce the positional 


plots for Ref. 2 has been used, with some modifications, on 
this series as well. 

The major change in the new version of the program was 
the incorporation of the numerically integrated JPL Planetary 
DE-118 Ephemeris (Ref. 3) as the source for positional 
planetary information. An analytical and thus less-precise 
ephemeris, based on the mean elements of Ref. 4, was used 
in the preceding set of volumes. Ref. 2. 

B. Data Praaantation 

The data in this volume are grouped into 36 subsections, 
each covering a specific calendar year. The data r )mmence 
each year on January 1.0, 0^ Greenwich mean time (GMT) 
and continue through the year until “Day 380,” thus pro- 
viding a two-week overlap into the next year. There are eight 
plots presented for each year, labeled as follows; 

(1) Dedication (DECLIN). 

(2) /?ighr Ascension (RT.ASC). 

(3) DisfAcce (DISTANCE). 

(4) E'cliptic /oegitude (EC.LON). 

(5) Sun-Earth'planet angles (SUN-EARTH-PLANET). 

(6) Cone and clock angles (CA and KA, respectively). 

(7) Station rise/set times (STATION RISE/SET) for the 
three DSN stations (GMT, HRS). 

(8) Same as (7) for three other stations (Weilheim, Nobey- 
ama,and Arecibo). 

Twenty-six variables, relating positions of Earth, Sun, 
target planet (Mars), the star Canopus, and six tracking sta- 
tions, arc depicted on these plots for each subsection. 

C. Definition of Terms 

Planetary positional geometric data can be represented by 
directions to specified bodies and by angles between some of 
these directions, both shown as functions of calendar time. 
To distinguish among these bodies, the following subscripts are 
introduced: 

(1) E = Earth. 

(2) S = Sun. 

(3) P = planet (Mars in this volume). 

Two fundamental planes are used in astrodynamics: that of 
the Earth’s orbit about the Sun and that of the Earth’s equa- 
tor. The same two geometric concepts can be extended to 
all celestial bodies. 
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PAOt 5S 
OF POOR QUALITY 


The plane of the mean Earth’s orbit (EMO) is also called 
the ecliptic; the term “mean” refers to an averaging process, 
which eliminates minor short-perit^J oscillations of the orbit 
pole; these oscillations are caused by repetitive perturbing 
accelerations caused by solar system objects other than the 
Sun. 

The rotational, angular-momentum vector of each planet 
defines the polar-axis orientation of that celestial body, but 
not necessarily its north pole. The plane normal to this axis 
of rotation is defined as the planetary equator of that body. 
The latest (1983) International Astronomical Union (lAU) 
definition of planetary poles is such that the north pole of a 
body is that pole that points north of the Invariable (or 
Laplacian) Plane, defined as the plane normal to the total 
angular momentum vector of the solar system. This plane is 
very close to the ecliptic, and deviates from the latter by less 
than 0.5 deg (Ref. 5). 

The point on the celestial sphere where the ecliptic crosses 
the Earth’s mean equator (EME) from south to north is called 
the ascending node of the Ecliptic, while the line passing from 
the Earth’s center through that point is called Earth's vernal 
equinox (T). The mean Sun is positioned at that point of the 
.sky (as seen from Earth’s center) at the time of each spring 
equinox. 

Both the equatoi and the orbit plane of each planet slowly 
precesson their respective reference planes, driven by ‘"secular” 
perturbing effects due to other solar system bodies. 

The mean ecliptic regresses, i.e , its nodes slide backwards, 
on the Invariable Plane at the very slow rate of about 47 sec- 
onds of arc per century, while the Earth mean equator regresses 
on the ecliptic at about 50.26 seconds of arc per annum. 

Clearly these motions affect the position of vernal equinox, 
which is therefore specified as being “of’ an epoch, e.g., “of 
date” (i.e., the present instant of time), or “of 1950.0.” The 
Besselian (tropical) new year has for a long while been con- 
sidered a convenient defining epoch, usually advanced each 
half-century, e.g., 1950.0, recently renamed B1950.0, which 
occurred on January 0.923357, 1950 (i.e., slightly before 
civil new year 1950, celebrated at 0^ GMT, on January 1.0). 
The acronym EME50 therefore refers to the Earth mean equa- 
tor and equinox of B 1950.0, while EMO50 specifies the eclip- 
tic plane of that epoch. 

Rather than refer to dates frequently quoted in differ- 
ing calendars, it is customary to specify dates in Julian 
Days (JD). consecutively counted from an arbitrary date in 
antiquity (January 1.0, 4713 B.C.). Thus the epoch JD 
243 3282.423357 is equivalent to BI950.0. 


For each celestial body, a vernal equinox may be similarly 
defined as the ascending node of that body’s mean orbit plane 
(about its primary) upon the body’s equator plane. This pre- 
ferred direction is usually taken to be the X-axis of the inertial 
coordinate system, centered on that body. The Z-axis coin- 
cides with the north -pole axis of the body, and the Y-axis 
completes a right-handed coordinate system. 

The equations and related constants defining the above 
planes are presented in Section IV and may be found in 
Refs. 4 and 5. Data in Ref. 5 reflect the latest lAU definitions. 

A useful way to describe celestial inn ,, is by means of 
a spherical coordinate system, based c:th.i on the equator >r 
else on the mean orbit plane of a body, e.g., ihat of the Fzrth 
or of the target planet. Two angles, declination and right 
ascension, define the position of any point on the celestial 
sphere, referred to a planetary equator (Fig. I). 



R(x, V, z) = (COS6 ■ COSa, COS 6 -SIN a. S!Nf) 


Fig. 1, Dtfin’ition of vernal equinox; e position vector R« its 
declination 6, and right ascension a 

Declination (6) is the central angle formed by the object’s 
position vector with the equator plane, i.e., it is an elevation 
angle with respect to that plane. It is a form of latitude mea- 
sure, and is positive towards the north pole and negative to 
the south of the equator. 

Right ascension (a) of an object is the angle in the equator 
plane between vern^U equinox and the projection of the 
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object’s position vector into the equator plane. It is positive in 
the eastward (i.e.» rij^t-handed, counterclockwise, when seen 
from north) direction, regardless of the planet’s (celestial 
body’s) own sense of rotation. 

Both of these angles are expressed on the unit sphere. 
Actual distances between Sun, Earth, and planet can be pre- 
sented separately and are measured in astronomical units 
(Ad) - a defined mean distance between Sun and Earth 
(1 AU = 149,597,871 km; see Astrodynamic Constants, 
Section IV) or also in kilometers. The distance plot scale in 
this volume of the handbook is in units of millions of kilom- 
eters (10^ X km). 

Position angles on the celestial sphere expressed with 
respect to a planetary orbit plane (e.g., the ecliptic) are re- 
ferred to as latitudes and longitudes. 

Ecliptic longitude (L) of an object is the angular distance 
between Earth’s vernal equinox and the projection of the 
object’s position vector into the ecliptic (EMO50), measured 
in an eastward (i.c., counterclockwise) positive direction. 

Sun-Earth-planet (SEP) angle and the corresponding Earth- 
Sun-planet {ESP) angle are defined by the two respective 
vector pairs: the Earth-Sun and Earth-planet vectors for the 
5£P-anglc, and the Sun-Earth and Sun-planet vectors for the 
£S’/^-angle (Fig, 2). The angles are important aids in avoiding 
periods of communication blackout. 



Fig. 2. Dffinition of Sun- and Earth -to*plantt dittanca, and 
Earth-Sun- and Sun-Earth-planat angitt at any a poch 


Cone and clock angles (CA and KA, respectively) arc 
spacecraft-centered coordinates of an object. The polar Z- 


OF POOR QUALIW 

axis of the system corresponds the longitudinal axis of the 
spacecraft. It is usually pointed either towards the Sun (solar 
panels must generally be normal to the Sun direction), or to 
the Earth (the parabolic antenna bore axis should point along 
the communication link, i.e.. towards the Earth). Within this 
book, the planet-Sun di.^xtion is taken to be the Z-axis 
orientation of the CA, KA system (Fig. 3). 



Fig. 3. Dffinition of cont and clock inglfs 


The prime meridian of this system contains the viewing 
slot of the spacecraft star tracker, which is usually, but not 
necessarily, oriented toward the bright southern star Canopus 
(a-Carinae). Its position on January 1.0, 1950, was at right 
ascension a = 95.7103875 and declination 6 = -52.667625 
deg. expressed with respect to the EME50. Stellar proper 
motions slowly change star locations; the method for updating 
stellar positions as well as data for other stars are provided in 
the FK4 Star Catalogue (Ref. 6). 
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OF POOR QUALITY 


The cone angle of an object, described by its spacecraft- 
centered position vector, is its angular distance from the 
Z-axis;i.e . it is the Sun-planet-object angle. 

The dock angle of an object is measured in the X>Y plane, 
which is akin to a "^spacecraft equator'" and normal to the 
spacecraft Z*axis. Clock angles are measured from the star- 
tracker (Canopus) meridian; they are positive clockwise when 
looking along the Z-axis towards the Sun. 

Although the clock angle of Canopus is zero by definition 
(when the spacecraft is Canopus oriented), the Canopus cone 
angle generally differs from 90 deg, because the position of 
Canopus is offset several degrees from the ecliptic pole. 

Station risefset times are de-crmincd by the daily rotation 
of the Earth, which takes all ground tracking stations around 
the polar axis on the small circles that correspond to their 
terrestrial latitudes. As a result, every object on the celestial 
sphere rises and sets upon the local horizon of the station 
(Fig. 4), provided the object’s declination is vyithin ±90 deg 
of the station latitude (e.g., an object at -55 deg declination 
cannot be seen by a 40-deg latitude station). Only objects 
whose declinations equal the station latitude rise to the 
zenith, in this daily spectacle (Fig. 5). The angular height of 
an object above the local horizon is termed elevation (F). 
Within this book, an object is considered to have risen if it 


reaches above an elevation mask of 6 deg, which accounts for 
obstructions by lo^al terrain features, atmospheric signal 
refraction, and radio noise. 

Rise and set time informrtion is presented for the Deep 
Space Network (DSN), the stations for which are listed in 
Table 1 , as well as for three other stations (Table 2). 

The Arecibo radio telescope, located within a natural bowl, 
is not movable. The slewing of a dish, therefore, is replaced by 
horizontal motion of a cable-mounted cab, which translates 
the antenna feed to track a celestial object. The resulting daily 
coverage of this station is clearly very limited 

D. Dtscription of Individiiai Plots 

The individual plots within each annual subsection present 
the following 26 planetary geometric characteristics as func- 
tions of calendar time (recall that for the purposes of this 
volume ‘"planet" refers to Mars): 

Plot I, DECLIN: This plot shows three curves. 

(1) The geocentric declination of the target planet 
referred to the Earth mean equator and equinox of 
Bl 950.0 (EME50); it is labeled "P". All angular 
measures on the plots are in degrees. 


NOTE: AT MERIDIAN 
CROSSING, ZENITH IS 
REACHED BY OBJECT 
ONLY IF STATION 
LATITUDE EQUALS 
OBJECT DECLINATION 



OBJECT 
AT LOCAL 
HORIZON 


EASTWARD ROTATION 
OF EARTH 


Fig. 4 Schtmatic of a distant object's rise and sat gaomatry, with a mask; polar view 
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Fi 0 . 5. Circumpolar and inacctisible 'tgions of the tky for a station obsarvtr; 


0 



meridional view 


" 

Table 1. Daap Space Network tracking stations 

(2) 

The planctocentric (i.c., as seen from the center of 
the target planet) declination of the Earth, re- 
ferred to the planet’s mean equator and equinox 
of dale (PME/DA). It is labeled “E”. 


Name 

Geocentric 

latitude 

Geocentric 

longitude 

(west) 






(3) 

The planetocentric declination of the Sun, also 


DS * . Guldsione. California 

J5.24 

116.89 


referred to the PME/DA. It is labeled “S”. 


DSS ‘Vi, C»r»b'.rra> Australia 

-33.22 

211.02 




DSS 63. Madrid, Spain 

40.24 

4.25 

Plot n, RT.ASC: Three curves are shown on this plot 





(41 

The geocentric right ascension ot the planet with 
respect to EME50. It is labeled “P”. 





* 1 . 

Table 2. Non-DSN tracking stations 


(5) 

The planetocentric n»hi ascension of the Earih 
with respect to PME/DA It is labeled ’‘E’\ 

\ 

Name 

Gcccentric 

Ulitude 

Gcoccnlfw' 

longitude 

(west) 

(6) 

ihe planetocentric ight ascension of the Sun with 
respect to PME/DA. It is labeled ’"S”. 



♦* 

s 

Plot lii, DISTANCE: Two cu'^ves arc presented on this 


Weilheim. Germany 

47.69 

348.92 

plot: 



Nobey ama. Japan 
Arecibu, Puerto Rico 

35.94 

18.34 

221.33 

66.75 

(7) 

Tne *arth-planet distance, in this volume expressed 
in units of 10^ X km (millions of km). It is labeled 
“EP*\ 
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(8) The Sun-planet distance, als^ in millions of km. It 
is labeled 

Plot IV, EC. LON: A single curve is shown on this plot. 

(9) The planet's heliocentric, ecliptic longitude (with 
respect to the mean ecliptic and equinox of 
B1 950.0, i.e., EMO50). It is labeled “P”. 

The annual variation in Earth’s heliocentric 
ecliptic longitude is repetitive to a fair degree of 
accuracy, hence only a single plot, valid through- 
out the 1985 to 2020 time period, is provided at 
the end of the plotted positional data section. 

Plot V, SUN EARTH-PLANET : Two curves are presented: 

(10) The “SEP” angle (Sun-Earth-planet) 

(11) The “ESP” angle (Earth-Sun-planet) 

Plot VI. CA, KA: Three curves are depicted on the plot: 

(12) The cone angle of Earth for a Sun-oriented space- 
craft. labeled “ECA”. 

(13) The clock angle of Earth, for a Sun-Canopus two- 
axis-oriented spacecraft. It is labeled “EKA”. 

(14) The cone angle of Canopus, in any Sun-oriented 
spacecraft attitude It is labeled “CCA”. 

Plot VIL STATION RISE/SET: This plot shows six curves, 
each representing the Greenwich mean time (GMT) of the 
following daily Deep Space Network events (all based on a 
6-deg mask above the local horizon). 

05) Planet rise at DSS 14 (Goldstone), labeled 
“RISE 14” 

( 16) Planet set at DSS 14, labeled “SET 14”. 

(17) Planet rise at DSS 43 (Canberra), labeled 
“RISE 43 ". 

(18) Planet set at DSS 43, labeled “SET 43”. 

(19) Planet rise at DSS 63 (Madrid), labeled “RISE 63”. 

(20) Planet set at DSS 63, labeled “SET 63”. 

Plot VllI, STATION RISE/SET. The plot presents up to 
six curves, representing the GMT of the following tracking 
station events (6-deg mask, unless specified otherwise): 

(21) Planet rise at Weilheim, Germany. It is labeled 
“RWEIL”. 

(22) Planet set at Weilheim. labeled “S WEIL”. 

(23) Planet rise at Nobeyama. Japan. It is labeled 
“RJAPN”. 


(24) Planet set at Nobeyama, labeled “S JAPN”. 

(25) Planet rise at the Arecibo radio telescope, Puerto 
Rico, above the 70-dcg special horizon mask, if 
realizable. It is labeled “R AREC”. 

(26) Planet set at Arecibo, under the same conditions 
as those in (25). It is labeled “S AREC”. 

III. Application of the Data Presented 

The number of practical mission analysis problems to 
which the information presented in this volume is applicable 
is obviously large. By no means r it intended to enumerate 
herein a complete li^t of ^uch applications. Rather, only some 
examples, typical of such usage, shall be discussed. 

The comments will be arranged in the same order as the 
graphical output data are presented. Problems in mission 
analysis to which a particular output ^ype is relevant will be 
discussed accordingly. 

A. Geocentric Declination of Target Body 

The spacecraft orbit determination process uses DSN 
radiometric range and range-rate (Doppler) data. Whenever 
the observed body as seen from Earth is at near-equatorial 
(^0 deg) declination, a situation develops that seiiously 
degrades orbit determination accuracy. As a consequence, the 
timing of critical maneuvers or planetary encounter events 
should either utilize more sophisticated data types (e.g.. 
ADOR, a method based on long-base interferometry) or avoid 
periods when the target planet is near its node with the Earth’s 
equator (i.e., the times of near-zero declination of the target 
body). 

Communication with the spacecraft greatly depends on a 
ground station's ability to receive the data signal. An eleva- 
tion angle high over the hoiizon, coupled with as long a 
listening period as possible, are two important assets in this 
respect. The highest elevation angle of an object at each 
station occurs at the meridian passage of the object; its value 
is: 

r = 90 - 1 0 - 6 I 

p max P 

Its maximum of = 90 deg can be realized only at a station 
whose latitude, 0^, equals the declination of the target. 
Exact equality, however, may cause some data loss: to con- 
tinue tracking, some antennas may have to swing through a 
180-deg arc in azimuth as soon as the object reaches zenith 
(i.e., at elevation F^ = 90 deg). As already mentioned, the 
maximum elevation angle drops with an increase in the differ- 
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ence between station latitude, 0^, and object declination 6^. 
At a difference of 

10-6 1 + mask ^ 90 deg 

s p ^ 

coverage ceases altogether (Fig. 5). The mask, it will be re- 
called, is an angle of about 6 deg, designed to assure good 
signal strength at low elevations. 

A notable aspect of this is hat, as a station moves in 
latitude toward either pole (north or south), objects located 
between the nearer pole and the circumpolar latitude circle 
6^ of the station, c efined by 

16 I = 90- 10 I 

c s 

will never set and communication may be continuous, if so 
desired. Know'l ge of target-planet declination allows one to 
choose the particular station for which most critical events 
would appear at high elevation angles or, conversely, to 
locate latitudes at which ships and portable or permanent 
stations should be positioned to support a given difficult 
mission tracking assignment 

B. Pianetocentric Declination of Eanh and Sun 

These data are based on the target planet's own equator 
and provide a means of determining the solar lighting condi- 
tions at a landing site or during approach. They also allow one 
to obtain the Earth-oriented downlink elevation angle for a 
lander on the surface at a given latitude. 

For ringed planets (e.g.. Saturn), the data can indicate 
which side (north or south) of the rings is illuminated, which 
side is visible from Earth, and where on the planetary disk 
the ring will project Us shadow. Observability of disk features 
and phenomena (e.g., the spokes) may also depend on this 
information. 

C. Right Ascension of Target Planet, Sun, and Earth 

This information, when combined with the declination 
data already discussed, provides positional reference direc- 
tions toward these bodies, in spherical coordinates as pre- 
sented, or in Cartesian unit vector form, if transformed as 
follows 

A" = cos 6^ cos 
y = cos 6^ sin Op 


where = right ascension and 5^^ = declination of vector to 
object. 

A number of mission-related problems in spherical trig- 
onometry may be solved using the above information. 

D. Sun- or Earth-to-Planet Oiatance 

When the spacecraft is near the planet. Sun-to-planet 
distance data help in computing such solar effects upon the 
spacecraft as solar heating and thermal balance, solar-panel 
electrical output, and spacecraft trajectory and attitude 
perturbation magnitudes due to the solar-radiation pressure. 

Earih-to-planet distance information allows estimation of 
maximum available data transmission rates in the radio up- 
or downlink, as well as tlie one- and two-way light times 
required in communicating with the spacecraft. 

When combined with information on direction unit vectors 
(X, K. Z) from paragraph C above, position vectors for Sun, 
Earth, and planet may be constructed in the respective coor- 
dinate systems. 

E. Heliocentric Longitude 

The heliocentric longitudes of the departure and arrival 
planetary positions allow sketching the transfer trajectory 
trace and its orientation with respect to the ecliptic nodes or 
the perihelion of the target-planet orbit. The relevant plane- 
tary information, e.g., the planetary mean orbital elements 
and related constants, may be found in Section IV. 

F. Angles Between Sun, Earth, and Planet 
(SEP and ESP) 

These angles are of paramount importance to spacecraft 
communication planning. For example, the radio downlink 
signal becomes distorted and contaminated with noise, if the 
radio beam passes through the solai corona. This effect is 
observed near "superior conjunction'' between Sun and the 
target planet. It occurs when the Sun-Earth-planet angle 
(SEP) reaches near-zero value:» (commonly. <±5 deg) while 
at the same time the Earth-Sun-planet angle (ESP) reaches 
its maximum value near 180 deg. This unfavorable condition 
as well as the two other extreme configurations of “op- 
position" and “inferior conjunction" {neither of which signifi- 
cantly affects up- and downlink communication capability) are 
shown in Fig. 6. 

It is essential to proper mission design that important 
science, orbit determination, or engineering events be avoided 
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ORIGINAL F'Ci 
OF POOR QUALITY 


EARTH AT LINE UP TIME 


PLANET POSITION ATjSEP = 180 
OPPOSITION TO SUN |ESP = 0 

INFERIOR CONJUNCTION f SEP = 0 
OF PLANET WITH SUN \ ESP = 0 



REGIONS OF 
DOWNLINK 
CONJUNCTION 
NOISE PROBLEM 


PLANET 


COMMUNICATION 

LINK 


SUPERIOR / „ 

CONJUNCTION : 0 

OF PLANET WITH SUN I 


CONJUNCTION WITH 
SUN (ALWAYS I SEP = 0 
"SUPERIOR" FOR | ESP = 180 
AN OUTER PLANET) 


Fig. 6. Definition of opposition and conjunction events involving Sun, Earth, and planet 


during the 10 to 20 days that the spacecraft and/or target 
planet are near superior conjunction. On the other hand » solar 
physicists do delight in studying the corona's signature 
superimposed on the distorted signal. This period of time then 
becomes an opportunity for corona radio-occultation experi- 
ments and related solar studies, including relativity investiga- 
tions. 

G. Cone and Clock Angles 

As outlined earlier, the cone- and clock-angle system is 
primarily useful because it is a spacecraft-fixed set of coor- 
dinates. As such, and together with data and equations pro- 
vided in the Mission Design Handbook series (Ref. 1), the cone 
and clock angles presented on the plots can be used to resolve 
a number of geometry problems, such as: 

(1) The angular travel range required by the movable 
antenna to track the Earth, if Sun-oriented. 

(2) The extent of the Sun-sensor bias required, if the 
Earth-orientation of the entire spacecraft, together 
with its antenna, is desired. 

(3) The impact of lighting and thermal constraints upon 
spacecraft orientation options. 


(4) The Star tracker slot size in cone angle (CA) required 
to observe Canopus at different times during an orbiter 
mission. 

H. Station Rise and Set 

Station rise and set times, given in GMT, greatly affect 
mission design planning. After consideration is given to the 
one-way light time required by the radio signal to traverse the 
Earth-to-planet distance (and back if needed), significant 
spacecraft events can be positioned in universal (GMT) time 
using the rise/set information provided, such as to assure that 
a given station is “up,” i.e., that the spacecraft is above mask 
in elevation angle at a suitable tracking station. The width 
(in hours) of the up-time band of a station is in itself an 
indication of the maximum elevation angle available during 
the station’s pass “under” the spacecraft (i.e., the planet) - 
the greater the width, the higher the maximum elevation 
angle. 

IV. Astrodynamic Constants 

This section presents information necessary for relating 
the various coordinate systems used in the handbook. For 
other astrodynamic constants, see Refs. 1,4,5, and 7. 
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ORIGINAL. 

OF POOR QUALITY 


Mean orbital elements for the planets are averaged analy- 
tical models of planetary motion, adopted for reference usage 
by the astronomical community (e.g., H. M. Nautical Almanac 
Office or the U.S. Naval Observatory). Mean elements change 
as functions of time, 

T'so is defined as the time interval, in Julian cen- 
turies, elapsed at date of interest, since epoch January 1.0, 
1950, O'* ephemeris time (ET) (i.e.. Julian epoch J 1950.0 = 
JD2433282.5). A Julian century contains 36525.0 mean solar 
(i.e., calendar) days. Ephemeris time is an atomically con- 
trolled uniform time, approximated as: ET = GMT + OUT, 
where the time increment OUT = +54.2 s (as of July 1983). 
OUT is currently increasing at about one second per year. 

Six elements completely define the mean orbit (Fig. 7), as 
follows (all angular measures in degrees): 


a = semimajor axis (in astronomical units, 1 AU == 
149,597,871 km). 

e = eccentricity of orbit (dimensionless). 

Af = mean anomaly, a mean motion angular position 
from perihelion (i.e., closest approach to Sun) at 
time Tso (for numerical convenience also ex- 
pressed as <^50. days from January 1.0, 1950 
O'* ET). True anomaly (actual position angle from 
perihelion) can be obtained from M by way of 
iteration using Kepler’s transcendental equation. 

'so “ inclination angle of mean orbit plane at time 
^50’ with respect to the mean ecliptic of epoch 
B1 950.0 (EMO50). 

^50 ~ longitude of ascending node of mean orbit upon 
the ecliptic of B 1950.0, measured from Earth’s 
vernal equinox. 


(a) CELESTIAL SPHERE VIEW 




Fig. 7. Dtfinition of the mMn elements of a planetary orbit 


^50 " argument of perihelion, an angle measured from 
the ascending node of the mean orbit on the 
ecliptic of B1950.0 to the perihelion of the mean 
orbit of the planet. 

As presented by F. Sturms (Ref. 4) and based on informa- 
tion in the Explanatory Supplement to the Ephemeris (Ref. 7), 
the mean elements are: 

(1) Earth: 

a = 1 .00000023 AU = 149,597,905 km 

e = 0.0167301085 - 0.000041926 

- 0.000000126 T\^ 

M = 358.000682 + 0.9856002628 

- 0.0001550000 T\^ - 0.0000033333 

jjo = 0.013076 0.000009 

rijQ = 174.40956 -0.241 66 rjQ+ 0.00006 
= 287.67097 + 0.56494 Tjo + 0.00009 r|^ 

(2) Mars: 

a » 1.5236915 AU « 227,941,004 km 
e = 0.09335891275 + 0.000091987 Tjo 

- 0.000000077 

M = 169.458720 + 0.52402077 

+ 0.0001825972 + 0.000001 1944 T*,, 

ijo “ 1.85000 - 0.00821 f,,, - 0.00002 
= 49.17193 - 0.29470 r,o - 0.00065 
Wjo = 285.96668 + 0.73907 + 0.00047 T\^ 
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The equatorial plane of a celestial body at an epoch of 
interest, was defined by the International Astronomical 
Union Working Group on Cartographic Coordinates and Rota- 
tional Elements (Ref. 5) by the right ascension and declin- 
ation 6gQ of the body’s “north” pola*' axis direction with 
respect to the Earth mean equator of epoch B1950.0(EME50), 
as shown in Fig. 8. The position of the rotating prime meridian 
of the body is defined by an angle W, measured positive coun- 
terclockwise in that body’s equatorial plane from the ascend- 


NORTH PLANETARY 



(EME50) 


Fig. 8. lAU definition of planetary pole and prime meridian 
at timed^, elapsed since January 1.0, 1950 0^ ET 


ing node of that equator upon the EME50, to the prime 
meridian position at epoch ^50- According to the Ref. 5, 
Table I; 

(1) Sun pole: 

Ojg = 285.90 (deg) 

6„ = 63.90 

W = 240.90+ 14.1 844000 djQ 

(2) Earth pole : 

«S0 = 0.00 - 0.640 
= 90.00 -0.557 
W = 99.87 + 360.9856123 djo 

(3) Mars pole: 

= 317.342 - 0.108 fjQ 
5,^ = 52.711 - 0.061 r,, 

W = 11.504 + 350.8919830 

(4) Invariable Plane pole : 

* 272,40 
= +66.99 

Note that in the computation of W, care should be taken 
not to lose significant digits during arithmetic calculations. 

Positional data in this handbook were obtained using the 
JPL DE-118 precision planetary ephemeris on magnetic tape 
in tabular format (Ref. 3). 
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